We use stellar proper motions from the TGAS catalog to study the kinematics of OBassociations. The TGAS proper motions of OB-associations generally agree well with the Hipparcos proper motions. The parameters of the Galactic rotation curve obtained with TGAS and Hipparcos proper motions agree within the errors. The average onedimensional velocity dispersion inside 18 OB-associations with more than 10 TGAS stars is σ v = 3.9 km s −1 , which is considerably smaller, by a factor of 0.4, than the velocity dispersions derived from Hipparcos data. The effective contribution from orbital motions of binary OB-stars into the velocity dispersion σ v inside OB-associations is σ b = 1.2 km s −1 . The median virial and stellar masses of OB-associations are equal to 7.1 10 5 and 9.0 10 3 M ⊙ , respectively. Thus OB-associations must be unbound objects provided they do not include a lot of dense gas. The median star-formation efficiency is ǫ = 2.1 percent. Nearly one third of stars of OB-associations must lie outside their tidal radius. We found that the Per OB1 and Car OB1 associations are expanding with the expansion started in a small region of 11-27 pc 7-10 Myr ago. The average expansion velocity is 6.3 km s −1 .
INTRODUCTION
Galactic astronomy is on the threshold of a new era of high precision proper motions with the recent first Gaia data release (Gaia DR1, Gaia Collaboration et al. 2016b ) from the European Space Agency (ESA). Gaia DR1 contains the Tycho-Gaia Astrometric Solution (TGAS, Michalik, Lindegren & Hobbs 2015; Lindegren et al. 2016 ) which provides positions, parallaxes and proper motions for about 2 million stars using the 24 yr time difference between Hipparcos (ESA 1997; Hog et al. 2000) and Gaia (Gaia Collaboration et al. 2016a) observations.
The term 'OB-association' was first introduced by Ambartsumian (1949) . The sizes of OB-associations differ from 10 pc (Cyg OB2) to 500 pc (Cep OB1), although the sky-plane sizes of 90 percent of them do not exceed 200 pc (Blaha & Humphreys 1989) . They often contain young clusters in their centres (Garmany & Stencel 1992) and sometimes have several centres of concentration (Mel'nik & Efremov 1995) . The catalog compiled by Blaha & Humphreys (1989) includes 91 OB-associations located within 3.5 kpc from the Sun. This catalog may also include several young open clusters because it is difficult to make a clear distinction between OB-associations and young open clusters. Though, OB-associations have, on average, larger sizes: 80 percent of them are larger than d > 20 pc.
⋆ E-mail: anna@sai.msu.ru Moreover, OB-associations are less centrally concentrated than young open clusters.
There are several partitions of high-luminosity stars (OB-stars and red supergiants) into OB-associations (Humphreys & McElroy 1984; Blaha & Humphreys 1989; Garmany & Stencel 1992; Mel'nik & Efremov 1995) . Garmany & Stencel (1992) divided young stars into OB-associations in the sector of Galactic longitudes 55-150
• . Mel'nik & Efremov (1995) used cluster analysis method to identify the densest and most compact parts of OB-associations, but these groups include only few stars with known kinematical data. Both lists of OBassociations are based on photometric data obtained by Blaha & Humphreys (1989) . Here we consider the partition of Blaha & Humphreys (1989) as the most universal.
The catalog by Blaha & Humphreys (1989) includes the massive end of the stellar population of OB-associations. In some other studies (for example, de Zeeuw et al. 1999) , the authors are concerned with the entire stellar population and also consider smaller scales, such as subgroups within larger OB-associations.
OB-associations are supposed to form in giant molecular clouds (Elmegreen 1983; Zinnecker & Yorke 2007 , and references therein). The diameters and masses of giant molecular clouds lie in the range 10-80 pc and 10
5 -2 10 6 M⊙ (Sanders, Scoville & Solomon 1985) , respectively. The catalog of Galactic giant molecular clouds is expected to be essentially complete at M > 3 10 5 M⊙ (Solomon et al. 1987; Solomon & Rivolo 1989) . There is a lot of evidence that giant molecular clouds are close to virial equilibrium (Larson 1981; Krumholz, Matzner & McKee 2006) .
The efficiency of star formation, ǫ, determined as the ratio of the stellar mass of OB-association to the gaseous mass of its parent giant molecular clouds usually lies in the range of 0.1-10 percent (Myers et al. 1986; Evans et al. 2009; Garcia et al. 2014) . The low efficiency of star formation can be explained by two different ways: through destruction of molecular clouds by the radiation of high luminosity stars (for example, Elmegreen 1983; Franco, Shore & Tenorio-Tagle 1994; Colin, Vazquez-Semadeni & Gomez 2013) and through supersonic turbulence and magnetic fields preventing global collapse of the cloud (Mac Low & Klessen 2004; McKee & Ostriker 2007) . Blaauw (1964) found the expansion of OB-associations by analyzing ground-based proper motions of their member stars. Brown, Dekker & de Zeeuw (1997) simulated the expansion of OB-associations to check methods for deriving their kinematic age -the time in the past when the OBassociation had minimal size. Madsen, Dravins & Lindegren (2002) find some evidence for expansion in Sco OB2 by comparing spectroscopic radial velocities with values derived from the hypothesis that members of the OB-association share the same velocity vector. Although the estimated expansion velocities of OB-associations decrease with growing accuracy of proper motions, the expansion of these systems is expected in many scenarios of star formation.
The mass loss in a gas cloud due to thermal pressure of HII regions (McKee 1989; Kim, Kim & Ostriker 2016) can make the newly formed stellar group unbound. If mass is ejected from the system within a time comparable to the crossing time, then the system becomes unbound after 50 percent mass loss (Hills 1980) . However, more accurate treatment of relaxation processes shows that the system can form an expanding OB-association with a bound cluster in the centre (Tutukov 1978; Kroupa, Aarseth & Hurley 2001; Boily & Kroupa 2003a,b; Vine & Bonnell 2003; Baumgardt & Kroupa 2007) .
We study the kinematics of OB-associations using the stellar proper motions from the TGAS catalog (Michalik, Lindegren & Hobbs 2015) . The high precision of TGAS proper motions makes it possible to estimate the virial masses of OB-associations corresponding to the masses of their parent molecular clouds, and examine the expansion of OB-associations at present time.
In section 2 we investigate the motions of OBassociations as single entities: we derive the parameters of the Galactic rotation curve, study the residual velocities and the motion along the Z-axis. In section 3 we study internal properties of OB-associations: we determine their velocity dispersions, virial and stellar masses, estimate the star formation efficiency and tidal radii. We consider the expansion of OB-associations in Section 4 and formulate the main conclusions in Section 5.
MOTIONS OF OB-ASSOCIATIONS IN THE GALAXY

Kinematic data of stars in OB-associations
We calculate the median proper motions of OBassociations using TGAS proper motions of individual stars (Michalik, Lindegren & Hobbs 2015) . On the whole, OBassociations identified by Blaha & Humphreys (1989) include 500 stars with known TGAS proper motions. For comparison, Hipparcos catalog contains 774 star members of OB-associations. The lack of TGAS proper motions mostly concerns nearby OB-associations, which contain bright stars (mv < 7 m ). Determining astrometric parameters of bright stars requires additional calibrations and for this reason TGAS lacks many bright stars from nearby OB-associations. For example, OB-association Ori OB1 includes 59 stars with known Hipparcos proper motions and only three stars with TGAS data. We therefore consider only proper motions of stars in OB-associations and do not use their parallaxes. It is nearby stars with the most precise parallaxes that are most important for the study of the distance scale.
The mass measurements of proper motions of blue stars became available due to the inclusion of a list of OB-stars into the Hipparcos input catalog (de Zeeuw et al. 1999 ) providing very accurate first-epoch positions and hence very small TGAS proper-motion errors for OB-association members. The average error of TGAS proper motions for OBassociation member stars is ε µl = ε µb = 0.059 mas yr −1 , which is nearly 15 times smaller than the average error of Hipparcos proper motions, 0.916 mas yr −1 , for OBassociation stars. Table 1 presents the average Galactic coordinates of OB-associations, l and b, the average heliocentric distances to the associations, r, the median proper motions in l-and b-directions, µ l and µ b , the dispersion of proper motions σ µl and σ µb and the number of stars in OB-associations with known TGAS proper motions, nµ. To complete the kinematic data we also give the median line-of sight velocities, Vr, the dispersion of the line-of-sight velocities σvr and the number of stars with known line-of-sight velocities, nvr, taken from the catalog by Barbier-Brossat & Figon (2000) . Table 1 also gives the total number of stars in an OB-association with known photometric measurements, Nt, used by Blaha & Humphreys (1989) to determine distances for OB-associations, rBH .
Note that the errors of the listed proper motions and line-of-sight velocities of OB-associations, ε µl , ε µb and εvr, are calculated in the following way:
The method of deriving the robust estimates of the dispersion of µ l , µ b and Vr inside the OB-association is also discussed in section 3.1. Table 2 , which is available in the online version of the paper, gives the spectral, photometric and kinematic data of stars in OB-associations. It presents the name of a star, the name of the OB-association to which it is assigned by Blaha & Humphreys (1989) , spectral type of the star, code of its luminosity class cL: 2 -Ia, 4 -Iab, 6 -Ib, 8 -II, 10 -III, 12 -IV, 14 -V, where the corresponding odd numbers (1, 3, ..., 13) reflect the uncertainty in its determination. Table 2 also shows Galactic coordinates l and b of a star, and the heliocentric distance r to OB-association, which it is assigned to. We also present the line-of-sight velocity of a star Vr and its error εvr taken from the catalog Barbier-Brossat & Figon (2000) . Note that we use only the individual stellar velocities Vr determined with the error εvr 10 km s −1 to derive the median values of Vr and velocity dispersions σvr in OB-association. For the Hipparcos stars we present their Hipparcos number n Hip , TGAS proper motions, µ l and µ b , if avalable, and their errors, ε µl and ε µb . If a Hipparcos star is absent in the TGAS catalog, then we give its Hipparcos proper motions and their errors; flag F indicates the source of proper motions: 'G' means TGAS and 'H' -Hipparcos. Table 2 also represents color indexes B − V and U − B, apparent and absolute magnitudes, mV and MV , and the V -band extinction, AV , that are adopted from the catalog by Blaha & Humphreys (1989) .
We reduced the heliocentric distances to OBassociations derived by Blaha & Humphreys (1989) , rBH , to the short distance scale, r = 0.8 · rBH (Sitnik & Mel'nik 1996; Mel'nik & Dambis 2009 ). We also correct the absolute stellar magnitudes obtained by Blaha & Humphreys (1989) , M V (BH) , to bring them onto the short distance scale MV =M V (BH) +∆m, where ∆m = −5 log 0.8 = 0.485 m .
Comparison TGAS and Hipparcos proper motions of OB-associations
We compare the median proper motions µ l and µ b of OBassociations derived from data of Hipparcos and TGAS catalogs. Only 56 OB-associations containing at least two stars with known proper motions are considered. Figure 1 shows the correlation between the Hipparcos and TGAS proper motions. The vast interval spanned by µ l values, [-10,+6] mas yr −1 , is due to differential Galactic rotation. The distribution of proper-motion components µ b is more compact, reflecting small motions perpendicular to the Galactic plane. Two associations with large negative µ b (Coll 140 and Vela OB2) are located close to the Sun, r = 0.3 and 0.4 kpc, so their large negative proper motions translate into the velocities of only -7 and -9 km s −1 . The µ b proper-motion components are mostly negative reflecting the positive velocity of the solar motion perpendicular to the Galactic plane, w0, which is equal to about +7 km s −1 . The rms difference of TGAS and Hipparcos proper motions is the same for l-and b-direction and equal to σµ = 0.67 mas yr −1 . This value is comparable to the average error of proper motions of OBstars in the Hipparcos catalog, 0.916 mas yr −1 . Thus the mean difference of velocities calculated at the mean heliocentric distance of OB-associations (r = 1.5 kpc) is ∆v = 4.7 km s −1 .
Galactic rotation curve
We determine the parameters of the Galactic rotation curve assuming to a first approximation that OB-associations move in circular orbits in accordance with Galactic differential rotation. The method of the determination of the parameters of the rotation curve is described in detail in Mel'nik & Dambis (2009) . Briefly, we expand the angular rotation velocity Ω(R) into a power series in R − R0 to the second order and determine values of three parameters of the rotation curve: the angular velocity at the solar distance Ω0 as well as the first and second derivatives of Ω(R) taken at the solar distance, Ω ′ 0 and Ω ′′ 0 , respectively. We also determine the solar velocity components u0 and v0 with respect to the centroid of OB-associations in the direction toward the Galactic centre and in the sense of Galactic rotation, correspondingly.
We use two samples of OB-associations (denoted as samples 1 and 2). Sample 1 includes objects whose median line-of-sight velocities Vr or proper motions µ l were derived from the data for at least two member stars, whereas sample 2 is based on the velocities and proper motions obtained from the data for at least five member stars. Sample 1 provides 70 and 56 equations for Vr and µ l , respectively. Sample 2 gives 50 equations for Vr and 32 equations for µ l . We solve the equations for the line-of-sight velocities and proper motions jointly and use weight factors to allow for observational errors and "cosmic" velocity dispersion (see also Dambis, Mel'nik & Rastorguev 1995; Mel'nik, Dambis & Rastorguev 1999 Glushkova et al. 1998; Nikiforov 2004; Feast et al. 2008; Groenewegen, Udalski & Bono 2008; Reid at al. 2009b; Dambis et al. 2013; Francis & Anderson 2014; Boehle et al. 2016; Branham 2017) . Note that the particular choice of R0 in the range 7-9 kpc has practically no effect on the analysis of the space distribution and kinematics of stars located within 3 kpc from the Sun. Table 3 lists the parameters of the Galactic rotation curve, Ω0, Ω ′ 0 and Ω ′′ 0 , and the solar motion toward the apex, u0 and v0, determined for samples 1 and 2. It also lists the inferred Oort constant A = −0.5R0Ω ′ 0 , the standard deviation of the velocities from the rotation curve σ0, and the number of conditional equations Neq .
We can see that the parameters of the Galactic rotation curve and solar motion to the apex derived for samples 1 and 2 agree within the errors. They also agree well with the parameters obtained for Hipparcos data (see Ta- 
Residual velocities
The residual velocities are determined as the differences between the observed heliocentric velocities and the velocities due to the inferred rotation curve and the solar motion toward the apex (Vres = V obs −Vrot −Vap). The residual velocities characterize non-circular motions in the Galactic disc. We consider the residual velocities in the direction of the Galactic radius-vector, VR, and in the azimuthal direction, VT . The velocity components VR and VT are positive when directed away from the Galactic centre and in the direction of the Galactic rotation, correspondingly. Figure 3 shows the distribution of residual velocities of OB-associations in the Galactic plane derived with TGAS proper motions. It also shows the positions of the Sagittarius, Scorpio, Carina, Cygnus, Local System, and Perseus stellar-gas complexes from the list by Efremov & Sitnik (1988) . We can see that in some complexes the residual velocities VR and VT have a preferred direction. In the Perseus complex the average residual velocity components are VR = −5.5 ± 2.3 and VT = −4.7 ± 1.6, whereas in the Sagittarius complex they are equal to VR = +7.9 ± 2.5 and VT = −1.0 ± 2.1 km s rms difference of residual velocities in the stellar-gas complexes derived from TGAS and Hipparcos proper motions is less than 1 km s −1 . Currently, the accuracy of measured line-of-sight velocities of stars in OB-associations is less than the accuracy of sky-plane velocities derived with TGAS proper motions. The new epoch in the study of Galactic kinematics will begin when more accurate line-of-sight velocities are obtained for young stars by the Gaia radial-velocity spectrometer (Gaia Collaboration et al. 2016a) . Of particular interest is the direction toward the Sagittarius arm (Grosbol 2016) .
Motions in the z-direction
The residual velocities in the z-direction are determined from the proper motions µ b and line-of-sight velocities Vr:
where w0 is the velocity of the Sun along the Z-axis. Factor 4.74 transforms proper motions determined in units of mas yr −1 into km s −1 provided r is in kpc. We selected 53 OB-associations containing at least two stars with both known line-of-sight velocities and TGAS proper motions to determine their Vz velocities and to calculate the most probable value of the solar velocity w0, which appears to be w0 = 7.67 ± 0.52 km s −1 . The rms deviation of velocities in the z-direction computed with TGAS catalog data is σvz = 3.80 km s −1 , which is slightly less than the scatter of vertical velocity components computed using Hipparcos data, σvz = 5.0 km s −1 . Note that the Vz velocities of OB-associations R 103 (r = 3.2 kpc) and Ara OB1B (2.8 kpc) decrease in absolute value nearly twice: from Vz = −31 and -24 km s −1 when computed with Hipparcos proper motions to Vz = −15 and -8 km s −1 if determined using TGAS data. The other association with large Vz velocity is Cyg OB8, Vz = +11 km s −1 . Excluding these three associations changes the value of w0 to 7.45 ± 0.38 and decreases σvz to 2.69 km s −1 . Interestingly, the Vz velocity of OB-association Per OB1 is nearly zero Vz = −0.9 km s −1 and though Per OB1 is located ∼ 100 pc below the Galactic plane, b = −3.15
• , it does not move practically as a whole along the Z-axis.
INTERNAL PROPERTIES OF OB-ASSOCIATIONS
Velocity dispersion in OB-associations with TGAS proper motions
We compare the dispersions of proper motions of stars in OB-associations obtained with Hipparcos and TGAS data (Fig. 4) . Here σ µl and σ µb are the robust estimates of the dispersions of proper motions in OB-associations derived in the following way. First, we sort the proper motions µ l or µ b of TGAS stars in OB-association to make rows of increasing values. Second, we exclude equal number of objects constituting the (1-0.68)/2 fraction of stars, nµ, from the upper and lower sides of the distribution. The remaining stars make up for nearly 68 percent of the number nµ. The half-width of the interval in the proper-motion components spanned by the remaining stars amounts to σ µl or σ µb , respectively. It is an analog of the root-mean-squared velocity dispersion but it is less sensitive to outliers. We consider 18 OB-associations containing at least 10 stars with TGAS proper motions. When computed with TGAS data, the proper motion dispersions along l-and b-coordinates, σ µl and σ µb , decrease significantly compared to the estimates obtained with Hipparcos proper motions: the reduction factor is 0.37 ± 0.006 and 0.40 ± 0.006 for l-and b-directions, respectively, or 0.39 ± 0.04 if averaged over both components.
Note that σ µl of OB-association Cyg OB7 was excluded from consideration: it is very large, σ µl = 3.8 mas yr −1 , and it is nearly the same when computed with TGAS and Hipparcos data. However, because of the small heliocentric distance Velocity dispersions along the l-and b-coordinate, σ µl and σ µb , are shown by the black and white circles, respectively. TGAS dispersions can be seen, on average, to be smaller than the corresponding Hipparcos dispersions. The σ µl = 3.8 mas yr −1 of association Cyg OB7, nearly the same when computed with TGAS and Hipparcos proper motions, is excluded from consideration.
of Cyg OB7, r = 0.63 kpc, even this very large σ µl value translates into a velocity dispersion of only σ vl = 11.4 km s −1 . We calculate the TGAS velocity dispersions, σ vl and σ vb , along l-and b-coordinates as follows: 10. It also provides the general information for OB-associations: the average Galactic coordinates, l and b, heliocentric (r) and Galactocentric distance (R) distances.
The average TGAS velocity dispersions in OBassociations are σ l = 4.3 and σ b = 3.4 km s −1 . It is cur- log P Figure 5 . Dependence of the additional velocity V b on log P . Binary system considered includes two stars of mass 10M ⊙ rotating on a circular orbit around their common mass center with period P . The velocity V b is the maximal contribution of a binary system into the TGAS velocity dispersion.
rently not clear why the velocity dispersions in Cyg OB8 (σ b = 13.9) and in Cyg OB7 (σ l = 11.4) are so high. Generally, the Cygnus region is difficult to analyze because of the high concentration of bright stars in the sky plane. The large velocity dispersions in associations Cyg OB7 (σ vl ) and Cyg OB8 (σ vb ) compared to other associations can also be seen in Figure 6 .
The fact that the TGAS velocity dispersions inside OB-associations drops to 4 km s −1 , whereas the standard deviation, σ0, of the velocities of OB-associations from the rotation curve remains at the level 7-8 km s −1 (Table 3) indicates that OB-associations identified by Blaha & Humphreys (1989) mainly include stars born from the same molecular cloud.
Due to the turbulent motions inside giant molecular clouds, the velocity dispersion inside a cloud must grow with the size S of the region considered as σv ∼ S p . The study by Solomon et al. (1987) suggests that power index p is close to p ≈ 0.5. If we suppose that the velocity dispersion in a giant cloud with a diameter of 10 pc (the average size of open clusters) is 1-2 km s −1 , then it must be ∼3 times larger for clouds of 100 pc in diameter (the average size of OB-associations), i.e. 3-6 km s −1 . So the value of σv = 4 km s −1 is consistent with the properties of giant molecular clouds. et al. (1998) find that the majority (> 59 percent) of O stars in clusters and OB-associations are binary. In principle, binary stars can inflate the observed velocity dispersion inside OB-associations derived with TGAS proper motions, which are calculated from the positions obtained with the time difference T = 24 yr. The main contribution into TGAS proper motions must be provided by binary systems with orbital periods of P ≈ 50 yr, which corresponds to the component of the binary system moving to the opposite points of their orbit between the epochs of Hipparcos and Gaia.
Binary stars
Mason
Let us calculate the upper limit for the probable contribution of binary stars, σ b , into the observed dispersion of TGAS proper motions inside OB-associations. For simplicity we consider a binary system consisting of two components of mass M b = 10M⊙ moving in circular orbits around their common mass center with period P . A 10M⊙-star can be considered as a representative of stars in OB-associations from the list by Blaha & Humphreys (1989) : most of stars listed in the catalog (about 2/3) have spectral types in the B0-B2 interval corresponding to the mass range 8-15M⊙ (Hohle, Neuhäuser & Schutz 2010) .
The distance between the component stars D can be estimated from Newton's gravity law:
or, given that
we have
or
The distance between components D is the maximal possible shift of the star between the two epochs of observations. However, the real displacement is smaller because the star positions at the two epochs are practically always less than the orbit diameter apart. The length of the chord connecting the initial and final position of the star in its circular orbit is (by law of cosines):
The maximum possible extra velocity along any given direction due to the orbital displacement of this component is equal to
or, in view of eqs. (10) and (11):
where V b is in km s −1 , M b is in solar masses, P and T are in years. Figure 5 shows the dependence of the maximum additional velocity V b on log P for M b = 10M⊙ and T = 24 yr. The velocity V b reaches maximum of 8.1 km s −1 at period ∼ 80 yr, because the radius of the orbit increases with increasing P . The decrease of V b at larger P is caused by the fact that a star can pass only a small part of its orbit for 24-year time interval. On the other hand, the decrease of V b at smaller P is due to decreasing distance D between binary stars, D ∼ P 2/3 . The velocity V b demonstrates oscillations with zero values corresponding to the periods P = T /n, where n is integer and the binary star makes a whole number of revolutions in time interval T , resulting in zero displacement D.
To estimate the effective contribution of binary stars into the velocity dispersion inside OB-association, σv, we should consider the fraction of multiple stars, f b , in OBassociations, the factor measuring the average projection, fj , of the shift S into l-or b-direction, distribution of binary periods fp(log P ), and the additional velocity due to orbital motion, V 2 b (log P ), as a function of log P . Sana (2017) overviews recent estimates of the fraction of binary stars among OB-stars, which vary from f b = 0.2 to 0.7. We adopt f b = 0.5 as some average value.
If we suppose that the ensemble the binary systems in an OB-association is oriented randomly with respect to the line of sight then the effective value of the squared projection of the orbital displacement S 2 l or S 2 b onto the longitude or latitude direction, respectively, is equal to S 2 /3, hence fj = 1/3. Aldoretta et al. (2015) show that the period distribution of massive binary stars is approximately flat in increments of log P (Öpik's law) in the interval of log P from -3 to +6. So we can suppose that fp = 1/9 for unit of log P .
Generally, we can write:
We now use the values of f b = 0.5, fj = 1/3, fp = 1/9 and the distribution of V b over log P (Fig. 5) to calculate the effective contribution of binary stars into the TGAS velocity dispersion (Eq. 14), which appears to be σ b = 1.19 km s −1 , or
for a binary component of mass M b . This value is rather small compared to σv = 4 km s −1 caused by turbulent motions inside giant molecular clouds.
Virial and stellar masses of OB-associations
Giant molecular clouds are supposed to be close to their virial equilibrium (Larson 1981; Krumholz, Matzner & McKee 2006) and therefore the velocity dispersions of stars in OB-associations must correspond to the masses of their parent giant molecular clouds. The high precision of TGAS proper motions allows estimating the virial masses of OB-associations. The virial condition between the kinetic K and potential U energies of a system is:
The potential energy of a uniform sphere of radius a and constant density ρ is :
where M is the mass of the sphere:
The kinetic energy of a system with one-dimensional velocity dispersion σv is :
Hence, the virial mass of the parent giant molecular cloud can be calculated in the following way:
where σv and a are determined from observations. There is no problem with observed one-dimensional velocity σv, it can be estimated as the average of σ vl and σ vb :
However, the so-called radius a of a parent molecular cloud can be treated in different ways. We calculate a as the radius containing 68 percent of the association member stars. Here we consider all members of OB-associations with known photometric measurements and not just TGAS stars. We also suppose that the sizes of OB-associations have not changed significantly since the epoch of star formation. However, some OB-associations appear to be expanding, so in these cases, the radius a needs a correction (for more details see Section 4.3). Table 4 also gives values of Mvir and a. The median value of Mvir for 18 OB-associations considered is 7.1 10 5 M⊙ which is consistent with the masses of giant molecular clouds 10 5 -10 6 M⊙ (Sanders, Scoville & Solomon 1985) . Note that in our calculations of virial masses we used the values of σv corrected for the effect of binary stars:
To estimate the stellar masses of OB-associations we use the multi-component power-law distribution derived by Kroupa (2002) . The number of stars dN (M ) in the mass range ∆M is determined for three mass domains by the following laws:
The coefficients C1, C2, and C3 are calculated from the continuity condition at the boundaries of the mass domains: C1 = 0.469, C2 = 0.038 and C3 = 0.019. We also assume that the catalog by Blaha & Humphreys (1989) includes all stars of OBassociations with masses greater than 20M⊙ or it is essentially complete down to the absolute magnitude MV < −4.0 m . To determine the mass of stars in OBassociations we use the mass-absolute magnitude relation by Bressan et al. (2012) . This relation is monotonic in the range −7.8 < MV < +0.50 and corresponds to the mass range 3-50 M⊙, which covers 99.3 percent of OB-association stars listed in the catalog by Blaha & Humphreys (1989) . The age of the brightest OB-stars is supposed to be 4 Myr.
The value of C0 is derived from the following calibration:
where N20 is the number of stars with masses M > 20M⊙ in a particular OB-association. For each OB-association from Table 4 we can estimate the average efficiency of star formation in its parent molecular cloud, which is equal to the ratio of the stellar mass to the gaseous mass of the giant cloud: Table 4 shows that ǫ values vary from 0.1 to 13.6 percent with the median value of 2.1 percent which agrees with other estimates (Myers et al. 1986; Evans et al. 2009; Garcia et al. 2014) .
Note that the estimates of star-formation efficiency ǫ obtained here refer to the entire volume of OB-associations, and ǫ can be smaller or larger in different parts of their parent giant molecular cloud.
Present-day mass of OB-associations and their unboundness
The fact that virial mass exceeds the stellar mass by more than 70 times supports the conclusion that OB-associations are unbound objects. Some doubts concern the gas which OB-associations could harbor inside their volumes, so the real masses of OB-associations can be conspicuously larger than those of the stellar component. Table 4 shows that of the 18 OB-associations considered nine contain more than 20 stars with masses M 20M⊙. On the other hand, masses of their parent molecular clouds are 10 5 -10 6 M⊙, implying the average escape velocity of 12 km s −1 , and hence the full evaporation of gas clouds seems to be impossible. Dale, Ercolano & Bonnell (2012) simulate the starformation processes in the molecular cloud with mass 10 6 M⊙ and initial radius of 180 pc. They found that after 3 Myr of ionization the surface density Σ of the cloud is ∼ 2 10 −3 g cm −2 , which corresponds to the volume density of ∼ 1 atom cm −3 . Cappa & Herbstmeier (2000) study the distribution of HI gas in the vicinity of association Per OB1. Their Figure  2 indicates that HI surface density inside Per OB1 is Σ ∼ 3 10 20 atoms cm −2 . If the size of Per OB1 along the line of sight is ∼200 pc then the HI volume density must be ∼ 0.5 atom cm −3 . Let us suppose that the fraction of molecular gas inside the volume of OB-associations is negligible, but neutral hydrogen with the volume density ρH equal to 1 atom cm −3 can be present there. Then the upper estimate for the present-day mass of OB-association, Mt, includes the mass of the stellar component, Mst, and the mass of HI possibly located inside the volume of the OB-association:
The gas mass Mg can be estimated from the following formula: Mg. The median gas mass appears to be 18.3 10 3 M⊙, and hence the contribution of gas to the total mass is usually comparable to the mass of the stellar component. The exception is two extremely extended OB-associations: Cep OB1 and NGC 2439, where Mg exceeds Mst by a factor of more than 30, however, even in these cases the total masses of OB-associations, Mt, are nearly 10 times smaller than the corresponding virial masses, Mvir.
We can thus conclude that OB-associations must be unbound objects provided they do not contain a lot of dense gas.
Tidal radius of OB-associations
Given the known present-day masses of OB-associations, we can estimate their tidal radii, r td , at which the gravitational force produced by the OB-association equals the tidal perturbation from the Galaxy.
Let us consider the forces applied to a test particle located between the OB-association and the Galactic centre. Subscripts 1 and 2 refer to the distances and velocities of the test particle and the centre of the OB-association, respectively. The distance between the test particle and the centre of the OB-association is ∆R = R1−R2 < 0. The test particle is subject to two forces working in the opposite directions: the gravity from the Galaxy, Ω 2 1 R1, and the gravity from the OB-association, GM/(∆R)
2 . If the test particle is bound with the OB-association, then it rotates around the Galactic centre at the angular velocity of the OB-association, Ω2. Here we ignore the velocity of the test particle due to the gravity of the OB-association. The acceleration of the test particle is equal to the sum of its centripetal acceleration, Ω 2 2 R1, and additional acceleration determined with respect to the centre of the OB-association,R1. Newton's law gives us the following equation:
where M is the mass of the OB-association, Mt. The tidal radius, r td is derived from the conditionR1 = 0. By assuming ∆R/R2 ≪ 1, we obtain the following estimate:
where A is Oort's constant A = −0.5RΩ ′ (R) at the Galactocentric distance R.
The formula for the tidal force, T = −4AΩ∆R, can also be derived from basic equations by Goldreich & Tremaine (1980, Eq. 32) , it is also discussed in Stark & Blitz (1978, Eq. 1) .
We calculate the tidal radii r td for 18 OB-associations containing at least 10 stars with TGAS proper motions. The angular velocity Ω and its first derivative Ω ′ at the Galactocentric radius R of each OB-association are computed based on the parameters of the rotation curve given in Table 3 . The median tidal radius r td appears to be 40 pc, which is a bit smaller than the median radius a of OB-associations, 56 pc. On average, 27 percent of stars of OB-associations must lie outside their tidal radii and tidal perturbations from the Galaxy are essential for them.
We also calculate the minimal value of the tidal radius where v l0 and v b0 are the average velocities of the association; l0 and b0 are the coordinates of the centre of the association, and parameters p l or p b characterize expansion/compression along the l-or b-direction (positive and negative values correspond to expansion and compression, respectively). The observed specific velocities of expansion or compression, u l and u b , are calculated in following way:
Note that expansion/compression of OB-associations requires some caution in interpretation: the motion of an association as a whole with the line-of-sight velocity Vr (see Table 1 ) can cause the effect of spurious expansion/compression. The velocity of spurious expansion/compression, e1, caused by the line-of-sight velocity Vr is determined by the following expression:
where the negative line-of-sight velocities Vr produces spurious expansion, e1 > 0, while positive Vr gives spurious compression, e1 < 0. Table 5 lists the parameters of observed expansion/compression, p l and p b , the radius of OB-associations, a, the velocity of spurious expansion/compression e1, the observed specific velocities of expansion/compression, u l and u b , and the number of stars with known TGAS proper motions, nµ. We can see that the velocity of spurious expansion/compression, e1, can reach ∼ 4 km s −1 (Cep OB1). So the observed velocities of expansion/compression, u l or u b , should be corrected for this effect:
The corrected velocities of expansion/compression,ũ l and u b , are listed in Table 5 as well. Further, we will discuss only velocities,ũ l andũ b , determined at P > 2.5σ confidence level, which are underlined in Table 5 . Figures 6 and 7 show the distribution of the relative velocities of stars inside OB-association, v 
Note that we excluded from consideration stars whose relative velocities exceed 50 km s −1 , i. e. |v Examination of Figure 6 and Figure 7 shows that the suspected expansion/compresssion of some OB-associations is based on the velocities of a few stars, sometimes only one. For example, excluding only one of 10-11 stars from the associations Mon OB2 and NGC 2439 (HD 46573 from Mon OB2 and HD 63423 from NGC 2439) reduces the absolute values of the parameters of expansion/compresssion to the noise level. A similar situation is observed in Cen OB1, which demonstrates compression along l-coordinate, p l = −87 ± 33, at P > 2.5σ confidence level. However, excluding four of 27 stars (HD 115363, HD 114340, HD 110946 and HD 116119) decreases |p l | to the noise level, p l = −24 ± 20 km s −1 kpc −1 . We excluded from our consideration associations Mon OB2, NGC 2439, and Cen OB1 as having unreliable parameters of expansion/compression. The other thee associations (Sgr OB1, Per OB1, and Car OB1) withũ l andũ b , determined at P > 2.5 confidence level demonstrate expansion. Figure 8 illustrates the expansion of the three OBassociations considered. It shows the linear increase of proper-motion components, µ l or µ b , with the corresponding coordinate, l or b, what suggests the expansion in the chosen direction (a decrease would indicate contraction). It can be seen that in all cases considered the spurious expansion determined by Eq. 34 is conspicuously smaller than the observed expansion.
Generally, the motion of OB-association as a whole in the sky plane with the tangential velocity Vt also affects the velocity distribution inside association by producing spurious compression in one part of association and spurious expansion in another part. The velocity of this spurious expansion/compression e2 is determined by the following relation:
with Vt in the following form:
where µ l and µ b are given in Table 1 . Formally, the velocity e2 spuriously increases the velocity dispersion inside OBassociation, but for OB-associations considered, e2 doesn't exceed e2 < 0.1 km s −1 and its contribution can be neglected.
Kinematic ages of OB-associations
We assume that all stars in an expanding OB-association started their motion at nearly the same time instant in the past and moved at nearly constant velocities; hence their | smaller than 3 km s −1 are shown as black circles without any vector. The axes X and Y are directed toward increasing values of Galactic coordinates l and b, respectively. All images are on the same scale. One tick corresponds to 100 pc. The Per OB1 association is not included in this panorama -we show it in a special image (Fig. 10) . The Cep OB1 association is shown in a wider box because of its large extension in the l-direction. The velocity scale is shown in the bottom row.
distances from the center ∆x and ∆y are proportional to their observed velocities, ∆x = v ′ l · t and ∆y = v ′ b · t. Though the distances and velocities are different for different stars, the time interval is supposed to be nearly the same for all stars in the OB-association considered. We estimate the socalled kinematic ages of expanding OB-associations by the formula:
where factor fv = 3.16/3.09 · 10 −3 transforms velocities in units of km s −1 into kpc Myr −1 . The errors in T l and T b are determined by errors in p l and p b , respectively. Table 6 lists different estimates of the kinematic expansion ages of the three OB-associations considered. We can see that the T l and T b ages lie in the interval 4-10 Myr.
Here we ignore the epicyclic motions, which, through Coriolis forces, change the direction of residual velocities (those superimposed on the Galactic rotation). This concerns only velocities in the Galactic plane. The Galactic rotation curve is nearly flat, and hence the epicyclic frequency at the solar distance is κ = √ 2Ω0 or 43 km s −1 kpc −1 , and one quarter of the epicyclic period amounts to 37 Myr. It is this time interval that takes the Coriolis force to change the direction of residual velocities by 90
• . We can see that the average age of OB-stars, ∼ 15 Myr, amounts to ∼ 40 percent of one quarter of the epicyclic period. However, epicyclic motions change the direction of expansion but they do not prevent it. So the value of p l is determined by some combination of the expansion in l-direction and that in the perpendicular direction -along the line of sight. Parameter p l should rather be viewed as characterizing the expansion in the Galactic plane. Here we do not consider the expansion along the line of sight because with TGAS data the accuracy of sky-plane velocity components is for the first time better than that of line-of-sight velocities.
There is also another method to determine the time in the past when OB-associations had minimal sizes (see also Brown, Dekker & de Zeeuw 1997) . We trace back the positions of stars in OB-association using their relative velocities v 
where x0 and y0 are the observed coordinates of TGAS stars with respect to the centre of OB-association, and compute the sizes of the most compact parts of OB-association at different time instants. The sizes, s l (t) and s b (t), containing 50 percent of TGAS stars of the corresponding OB-association are calculated in the following way. We sort the coordinates of association member stars, x and y, in the ascending order and seek the subset S = {j + 1, j + 2....j + k} containing k = nµ/2 stars (where nµ is the number of TGAS stars in OB-association) having the smallest span in the corresponding coordinate, x j+k -xj+1 and y j+k -yj+1. These minimal spans in the X-and Y-direction give the values of s l (t) and s b (t), respectively. That is done to mitigate the effect of individual stars. Figure 9 shows the dependence of s b and s l on the time t in the past. We consider only OB-associations Per OB1, Car OB1 and Sgr OB1 with well-determined parametersũ l orũ b . The curves s b (t) and s l (t) are often indented and some of them have several local minima, which are due to abrupt changes of the estimated size due to inclusion/exclusion of individual stars in the half-member minimal-span subset. We determine the kinematic expansion ages of OBassociations, T * b and T * l , as the time instants t in the past corresponding to the minimal values of s b and s l , respectively (Fig. 9) . However, in some cases we can give only an upper estimate for the kinematic age. Table 6 lists the inferred T * l and T * b ages and their errors, which are calculated through the distances, ∆x and ∆y, in the l-and b-direction which stars pass due to their errors in proper motions, ε µl and ε µb , during the time intervals T * l and T * b , respectively:
where ε µl and ε µb are in mas yr −1 but ∆x, ∆y and r are in kpc. Factor two reflects possible changes of the sizes of OBassociation at left and right sides of the distribution. The average errors in proper motions, ε µl and ε µb , lie in the range 0.05-0.07 mas yr −1 . The distances ∆x and ∆y increase with increasing the distance to the OB-association, r, and with increasing kinematic ages, T * l or T * b . They have the following values: ∆y = 10 pc (Per OB1), ∆x ≈ ∆y = 7-10 pc (Car OB1) and ∆y = 4 pc (Sgr OB1).
To transform errors in distances, ∆x and ∆y, into errors in time intervals, ∆t1 and ∆t2, we use following expressions:
where ∆t1 and ∆t2 are the errors estimated on the left and right of the minimum on the curves s l (t) or s b (t). To illustrate this method we chose association Per OB1 and drew a horizontal line with the ordinate y = s b (T * b ) + ∆y which intersects the curve s b (t) at two points with abscissae of T * b − ∆t1 and T * b + ∆t2 (Fig. 9) . Table 6 shows that the kinematic ages of OBassociations obtained by two different methods, T l and T * l or T b and T * b agree with each other within the errors. The kinematic ages, T l , T * l , T b and T * b , determined by both methods for three OB-associations considered lie in the range 3-10 Myr. These estimates do not exceed the main-sequence ages of O-B2 stars, Ts < 30 Myr (Bressan et al. 2012 ).
Minimal sizes of OB-associations in the past
The second method is also interesting because it gives us the estimates of the minimal sizes of OB-associations corresponding to the time instants T * l and T * b (Fig. 9) . The minimal sizes of the most compact parts of OB-associations containing 50 percent of star-members, s l (T * l ) and s b (T * b ), appear to be 27 pc for Per OB1, 11-36 for Car OB1, and 6 pc for Sgr OB1. Figure 9 shows that sizes of Per OB1 and Car OB1 in latitude directions, s b , were nearly twice smaller in the past than nowadays. The formula for the virial mass (Eq. 20) includes the radius of the system a referred to the epoch of star formation and we therefore should correct their virial masses Mvir. Assuming that the contributions to a 2 from the coordinates x and y are nearly the same, we must reduce Mvir of Per OB1 and Car OB1 by the factor (1 + 0.25)/2) 1/2 = 0.79 and upscale star-formation efficiency ǫ by a factor of 1.26 to the new values of 4.4 and 1.8 percent, respectively.
We can see that the minimal sizes of the Per OB1 and Car OB1 associations lie in the range 11-27 pc and are consistent with diameters of giant molecular clouds, 10-80 pc. As for Sgr OB1, the situation is unclear here: we see too quick expansion in very small area. Moreover, it contains only 13 stars with known TGAS proper motions and errors of their µ b are the highest, ε µb = 0.07 mas yr −1 , among stars in the OB-associations considered.
Possibly, the quick expansion of Sgr OB1, as well as the large velocity dispersion in Cyg OB7 and Cyg OB8 have the same origin -larger errors of proper motions in fields rich in bright stars.
Expansion of Per OB1
Let us consider the expansion of the Per OB1 association in more detail (Fig. 10) . It exhibits significant expansion along b-coordinates, p b = 103 ± 22 km s −1 kpc −1 (Table 5 ). However, the expansion can be even faster if we tilt the coordinate axes (X, Y ) by the angle α = 26
• with respect to the Galactic plane. In the new reference frame (X ′ , Y ′ ) the expansion parameter has the values of p • , b = −3.74 • ) and NGC 884 (l = 135.07
• , b = −3.59 • ) also known as the double cluster h and χ Persei lying practically at the centre of OBassociation Per OB1. So the maximal expansion happens in the direction nearly perpendicular to the main plain of the double cluster.
We subdivide stars of Per OB1 into two groups: red supergiants of spectral type K and M (nine objects with TGAS proper motions) and stars of type O-B (49 objects). The ages of red supergiants must be less than 50 Myr while those of the main-sequence O-B2 stars must be less than 30 Myr (Bressan et al. 2012 ). However, we do not see difference in their kinematical behavior: both groups take part in the expansion along l-and b-directions. The parameters of expansion obtained for red supergiants exclusively are p l = 75 ± 15 and p b = 61 ± 14 km s −1 kpc −1 , while those derived for OB-stars only are p l = 35 ± 18 and p b = 109 ± 26 km s −1 kpc −1 . These parameters are consistent within 1.2σ. Probably, red supergiants and OB stars observed in Per OB1 have very close ages and take part in the same expansion. Cappa & Herbstmeier (2000) notice that there is a lot of neutral hydrogen and no molecular gas in the vicinity of the Per OB1 association. They found a lot of HI bubbles surrounding massive WR and Of stars there.
Note that the evolutionary ages of clusters h and χ Persei are comparable to those of stars in OB-associations, 10 Myr (Dias et al. 2002; Kharchenko et al. 2013 ) and the infered expansion age of the association. Possibly, the expansion of Per OB1 and formation of double stellar cluster h and χ Persei in its centre have the same cause -the quick loss of gas in their parent giant molecular cloud.
As for double clusters, Kroupa, Aarseth & Hurley (2001) find multiple clusters in some of their simulations of the formation of bound clusters inside the expanding OB-associations. Though their models are very compact, ∼ 10 pc, the physical mechanism considered can be universal. The authors explain the formation of double clusters in their models by gravitational interactions between neighbour stars, which cause the redistribution of the velocity dispersion from the radial direction into the azimuthal one. This mechanism can lead to the formation of a subsystem with non-zero angular momentum about the origin of the expanding flow.
CONCLUSIONS
We have studied the kinematics of OB-associations identified by Blaha & Humphreys (1989) using the stellar proper motions from the TGAS catalog (Michalik, Lindegren & Hobbs 2015) . The average difference in the median proper potions of OB-associations obtained with TGAS and Hipparcos data is 0.67 mas yr −1 , which is comparable to the average error of Hipparcos proper motions, 0.916 mas yr −1 , for stars of OB-associations.
Generally, the results based on TGAS and Hipparcos catalogs demonstrate a good agreement. The parameters of the Galactic rotation curve obtained with TGAS (Table 2) and Hipparcos (Mel'nik & Dambis 2009) proper motions agree within the errors. The same can be said about residual velocities (Vres = V obs − Vrot − Vap ) of OB-associations in stellar-gas complexes identified by Efremov & Sitnik (1988) . The rms deviation of the velocities of OB-associations from the Galactic rotation curve amounts σ0 = 7.2-7.5 km s −1 . This value is nearly the same whether computed with TGAS or Hipparcos data, suggesting that the residual velocities of 7-8 km s −1 are real and not an artifact. When computed with TGAS data, the rms deviation of the velocities of OB-associations in the z-direction is σvz = 2.7 km s −1 , which is considerably less than the scatter obtained with Hipparcos data, σvz = 5.0 km s −1 . We found a considerable decrease, by a factor of 0.4, in the velocity dispersions inside 18 OB-associations containing more than 10 TGAS stars compared to the values derived with Hipparcos data. The average one-dimensional velocity dispersion inside OB-associations computed with TGAS catalog data is σv = 3.9 km s −1 . The effective contribution from binary OB-stars into the velocity dispersion σv inside OB-associations is σ b = 1.2 km s −1 . The virial Mvir and stellar Mst masses of 18 OBassociations considered have the median values of 7.1 10 5 and 9.0 10 3 M⊙, respectively. Generally, the virial mass exceeds the stellar mass by more than 70 times. This fact together with assumption that the volumes of OB-associations do not contain a lot of dense gas supports the conclusion that they are unbound objects.
The star-formation efficiency ǫ in OB-associations varies from 0.1 to 13.6 percent with the median of ǫ = 2.1 percent, which agrees with other estimates (Myers et al. 1986; Evans et al. 2009; Garcia et al. 2014) .
We determined the tidal radii of OB-associations under two assumptions: (1) OB-associations include neutral gas and its mass is proportional to the volume of the association, so that the present-day mass of the OB-association consists of masses of the gas and stellar components; (2) the masses of OB-associations are determined by their stellar component exclusively. In the first case, the median tidal radius appears to be 40 pc, suggesting that 27 percent of member stars of OB-associations are located outside their tidal radii. In the second case, the tidal radii range from 14 to 36 pc with the median value of of 26 pc, implying that 39 percent of stars of OB-associations must lie outside their tidal radii. Thus, ∼ 1/3 of stars of OB-associations must lie outside their tidal radius.
The high accuracy of TGAS proper motions allowed us to find the expansion inside the OB-associations Per OB1 and Car OB1 supporting the idea that they are unbound objects. The velocity of expansion amounts, on average, to 6.3 km s −1 (Table 5) . We corrected the observed specific velocities of expansion/compression, u l and u b , for the effect of spurious expansion/compression caused by the motion of OB-association as a whole with the line-of-sight velocity Vr (Eq. 34). Only cases with well-determined corrected velocities,ũ l andũ b , are considered (Table 5 ).
The kinematic ages of the expanding OB-associations Per OB1 and Car OB1 (time moments in the past when they had their minimal sizes) calculated by two methods are 7-10 Myr. The minimal diameter of the most compact parts of these OB-associations in the past lies in the range 11-27 pc which is comparable to the diameters of Galactic giant molecular clouds, 10-80 pc (Sanders, Scoville & Solomon 1985) .
We studied in more detail the expansion of the Per OB1 association. The direction of its fastest expansion (Y ′ in Fig. 10 ) appears to be tilted by 26
• with respect to the b-direction and is nearly perpendicular to the plane determined by the positions of the two rich open clusters, h and χ Persei, lying in the centre of the association. We found no significant difference between the parameters of expansion derived for OB-stars and red supergiants in this association.
